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The	 fabrication	 precision	 is	 one	 of	 the	 most	 critical	
challenges	 on	 the	 way	 to	 the	 creation	 of	 practical	
photonic	 circuits	 composed	 of	 coupled	 high	 Q‐factor	
microresonators.	While	very	accurate	transient	tuning	of	
microresonators	 based	 on	 local	 heating	 has	 been	
reported,	 the	 record	precision	of	permanent	 resonance	
positioning	achieved	by	post‐processing	is	still	within	1‐5	
GHz.	 Here	 we	 demonstrate	 two	 coupled	 bottle	
microresonators	 fabricated	 at	 the	 fiber	 surface	 which	
resonances	 are	 matched	 with	 a	 better	 than	 0.16	 GHz	
precision.	 This	 corresponds	 to	 a	 better	 than	 0.17	
angstrom	precision	in	the	effective	fiber	radius	variation.	
The	achieved	fabrication	precision	is	only	limited	by	the	
resolution	of	our	optical	 spectrum	analyzer	and	 can	be	
potentially	improved	by	an	order	of	magnitude.			
 
	
Fabrication	 precision	 is	 one	 of	 the	 most	 important	
challenges	 on	 the	 way	 to	 a	 practical	 microphotonic	
technology	for	the	future	optical	communications,	quantum	
computing,	 microwave	 photonics,	 and	 ultraprecise	 optical	
measurement	devices.	The	outstanding	fabrication	precision	
achieved	 in	 silicon	 photonics	 [1‐3]	 is	 still	 far	 beyond	 the	
requirements	 for	 the	 creation	 of	 practical	 miniature	 slow	
light	delay	lines,	buffers,	and	other	optical	signal	processing	
devices	 [4‐6].	 Similarly,	 improvement	 of	 the	 fabrication	
precision	 is	 critical	 for	 the	 prospective	 microwave	
photonics,	 which	 requires	 optical	 filters	 having	 a	 flat	 top	
spectrum	 within	 very	 narrow	 bandwidth	 and,	
simultaneously,	 exceptionally	 high	 rejection	 rate	 [7,	 8].	 As	
another	 example,	 the	 bandwidth	 and	 repetition	 rate	 of	
microresonator	 comb	 generators	 is	 determined	 by	 their	
dispersion	 [9],	which	 can	 be	 controlled	 by	 the	 prospective	
ultraprecise	fabrication	technology	of	these	resonators.		
All	 these	 and	 many	 other	 potential	 applications	 of	 modern	
microphotonics	 rely	 on	 the	 success	 of	 ultraprecise	 fabrication	 of	
individual	microresonators	and	microresonator	photonic	circuits.	
The	 ultrahigh	 Q‐factors	 of	 these	 microresonators	 ranging	 from	
610Q  	in	silicon	photonics	[2,	3]	to	 910Q  	for	the	whispering	
gallery	 mode	 (WGM)	 microresonators	 [10,	 11]	 have	 been	
demonstrated.	 In	order	 to	arrive	at	 the	best	performance	of	 the	
microphotonic	devices	mentioned	above,	the	positioning	precision	
of	 resonances	 are	 anticipated	 to	 match	 or	 be	 better	 than	 the	
resonance	width,	which	ranges	from		0.1	GHz	for	 610Q  to		0.1	
MHz	for	 910Q  	at	1.5	µm	radiation	wavelength.	Very	accurate	
post‐processing	 of	 individual	 spherical	 and	 toroidal	
microresonators	 by	 chemical	 etching	 with	 the	 resonance	
positioning	precision	of	0.1	GHz	and	MHz‐scale	control	of	their	free	
spectral	 range	 has	 been	 demonstrated	 [11,	 10].	 However,	 this	
approach	is	not	applicable	to	the	local	post‐processing	of	photonic	
circuit	 elements.	While	 very	 accurate	 transient	 tuning	 based	 on	
local	heating	of	coupled	microresonators	has	been	reported	[2,	3,	
13,	14],	the	record	precision	of	permanent	resonance	positioning	
for	 these	structures	achieved	by	post‐processing	was	within	1‐5	
GHz	 [15‐18].	 Thus,	 the	 precise	 fabrication	 of	 microresonator	
circuits	with	a	predetermined	resonance	positioning	still	remains	a	
major	challenge	on	the	way	of	creation	of	practical	microresonator	
photonic	circuits.		
Recently	 a	 novel	 photonic	 fabrication	 platform	 called	 Surface	
Nanoscale	 Axial	 Photonics	 (SNAP)	 demonstrated	 fabrication	 of	
miniature	WGM	 resonant	 photonic	 circuits	 at	 the	 surface	 of	 an	
optical	fiber	with	unprecedented	sub‐angstrom	precision	[19‐21].	
Photonic	 circuits	 are	 introduced	 in	 SNAP	 by	 nanoscale	 effective	
radius	variation	(ERV)	of	the	optical	fiber	using	a	focused	CO2	laser	
beam.	In	[20]	a	structure	of	30	coupled	resonators	was	fabricated	
with	 the	 0.7	 angstrom	 precision.	 In	 [21],	 a	 breakthrough	 SNAP	
bottle	 resonator	 miniature	 delay	 line	 was	 fabricated	 with	 the	
precision	 of	 0.9	 angstrom.	 In	 [22],	 it	 was	 shown	 that	 fully	
reconfigurable	 SNAP	 structures	 can	 be	 introduced	 at	 the	 fiber	
surface	 by	 local	 heating	 and	 translated	 with	 sub‐angstrom	
precision.	 However,	 further	 significant	 improvement	 in	 the	
precision	 of	 SNAP	 is	 required	 for	 the	 fabrication	 of	 practical	
miniature	optical	buffers	and	signal	processing	devices	[6].		
Here	 we	 advance	 the	 fabrication	 precision	 by	 a	 factor	 of	 4	
compared	with	 that	 achieved	 in	 SNAP	 [20]	 and	 by	 an	 order	 of	
magnitude	compared	with	 the	precision	of	 resonance	 frequency	
positioning	demonstrated	for	planar	resonant	circuits	[15‐18].	We	
demonstrate	a	better	than	0.16	GHz	precision	in	the	positioning	of	
a	 resonance,	which	 corresponds	 to	 a	better	 than	0.17	 angstrom	
precision	in	the	ERV	of	a	microresonator,	limited	by	the	resolution	
of	the	optical	spectral	analyzer	used.	This	result	paves	the	way	to	
the	ultraprecise	fabrication	of	practical	miniature	delay	lines,	signal	
processing	 devices,	 microwave	 photonics	 filters,	 and	 other	
microphotonic	devices	for	the	future	optical	communications	and	
ultraprecise	optical	measurements.	
	
		
Fig.	 1.	 (a)	 –	 Illustration	 of	 a	 fiber	 with	 introduced	 two	 nanoscale‐high	
coupled	bottle	resonantors	(inset).	The	WGMs	in	the	resonators	are	excited	
by	a	transverse	fiber	taper.	(b)	–	Surface	plot	of	the	resonant	transmission	
power	spectrum	measured	with	2	µm	resolution	along	the	fiber	axis.	Black	
curve	 is	 the	 ERV	 of	 the	 fabricated	 coupled	 bottle	 resonators.	 The	
resonances	near	points	1‐9	are	shown	in	Fig.	2(a)	and	(b).		
Fig.	 1(a)	 illustrates	 our	 experiment.	 To	 test	 the	 fabrication	
precision,	two	coupled	bottle	resonators	having	nanometer	scale	
ERV	are	introduced	at	the	surface	of	an	optical	fiber	by	annealing	
with	a	focused	CO2	laser	beam.	The	eigenvalues	of	this	structure	
are	enumerated	by	three	quantum	numbers	 ( , , )m n p ,	where	m 	
is	the	azimuthal,	 n 	is	the	radial	and	 p 	is	the	axial	number.	In	the	
experiment	 below,	 the	 fiber	 radius	 is	 20	 µm.	 In	 the	 C‐band	
considered,	 the	 spacing	 between	 the	 adjacent	 azimuthal	
resonances	(corresponding	to	m 	and	 1m )	is	approximately	15	
nm,	the	spacing	between	the	adjacent	radial	resonances	is	several	
nanometers,	 while	 the	 spacing	 between	 the	 adjacent	 axial	
resonances	is	much	smaller	and	can	be	controlled	by	the	nanoscale	
ERV	of	the	fiber.	Fig.	1(a)	shows	the	axial	resonances	of	the	double	
bottle	resonator	(red	lines)	which	correspond	to	a	fixed	m 	and	 n 	
quantum	numbers	and	different	 p .	
To	test	the	fabrication	precision,	one	of	resonators	is	used	as	a	
reference	and	the	other	one	is	post‐processed	in	order	to	minimize	
the	difference	between	the	reference	and	adjusted	resonances.	In	
our	experiment	we	go	further.	We	chose	the	distance	between	two	
bottle	resonators	to	be	large	enough	so	that	the	splitting	between	
their	fundamental	axial	resonances	 (0)1 	and	 (0)2 corresponding	to	
0p 	 (inset	 in	 Fig.	 1(a))	 is	 unresolved	 within	 the	 precision	 of	
measurements.	 At	 the	 same	 time,	 we	 chose	 this	 distance	 to	 be	
small	enough	to	resolve	the	splitting	between	the	next	resonances
(1)
1 	 and	 (1)2 corresponding	 to	 1p .	 The	 axial	 distribution	 of	
WGMs	 localized	 in	 a	 SNAP	 resonator	 is	 described	 by	 a	 one‐
dimensional	 Schrödinger	 equation	 with	 potential	 ( )V z
proportional	 to	 the	 ERV	 ( )effr z 	 [19].	 	 Therefore,	 the	 relation	
between	the	shift	of	resonances	in	coupled	resonators,	 (1) (2)k k  ,	
and	 the	 shift	 of	 resonances	 in	 the	 independent	 resonators,	
(1) (2)
0 0k k  ,	is	found	from	[23]	
(1) (2) (1) (2) 2 2
0 0| | ( )k k k k k       .	             (1) 
where	 	determines	the	coupling	between	resonances.	From	this	
equation,	 the	measured	shift	of	resonances	always	exceeds	their	
unperturbed	shift,	which	determines	the	actual	axial	asymmetry	of	
( )effr z .									
	
Fig.	2.	(a)	–	 0p  resonance	measured	near	points	1,	2,	3,	and	4	of	Fig.	
1(b).	(b)	–	split	 1p  	resonance	measured	at	points	5,	6,	7,	8,	and	9.		(c)	–	
0p  	 resonance	 periodically	 measured	 at	 point	 2	 ten	 times	 during	 5	
minutes.	 (d)	 0p  	 resonance	peariodically	measured	at	points	2	and	3,		
switched	5	times	during	3	minutes.		
The	spectrum	of	the	introduced	structure	is	measured	by	a	Luna	
optical	 spectrum	 analyzer	 (OSA)	 connected	 to	 the	 transverse	
biconical	 fiber	 taper	 with	 a	 micron	 waist	 (Fig.	 1(a)).	 The	 waist	
periodically	touches	the	fiber	in	the	process	of	measurement.	As	
noted,	we	set	the	separation	between	the	bottle	resonators	along	
the	fiber	axis	so	that	the	splitting	between	their	axial	fundamental	
modes	 0 	 is	 much	 smaller	 than	 the	 measurement	 resolution,	
while	 the	 splitting	 between	 1p  	 modes	 1 	 is	 the	 smallest	
possible	 yet	 resolved	 by	 the	 OSA	 (0.16	 GHz	 resolution	
corresponding	 to	 1.3	 pm	 at	 1.55	 µm	 wavelength).	 The	 0p  	
resonances	of	the	originally	introduced	bottles	deviated	by	a	few	
GHz	due	to	minor	fabrication	errors.	In	order	to	equalize	them,	we	
performed	 post‐processing.	 We	 calibrated	 the	 CO2	 laser	 beam	
power	and	exposure	time	so	that	a	single	laser	shot	introduced	a	
shift	of	a	 0p  	resonance	which	is	smaller	than	the	measurement	
resolution	 0.16	 GHz.	 Next,	 the	 number	 of	 shots,	 which	 was	
necessary	to	match	the	resonances,	was	calculated	and	the	shots	
were	 introduced	 into	 one	 of	 the	 bottles.	 The	 post‐processing	
ensured	 that	 the	 0p  resonances	 coincide	 with	 the	 precision	
better	than	the	measurement	resolution	0.16	GHz,	because	each	of	
laser	shots	introduced	the	resonance	shift	which	was	smaller	than	
the	measurement	resolution.		
The	 post‐processed	 double	 bottle	 resonator	 structure	 was	
characterized	by	scanning	the	taper	along	the	fiber	axis	(Fig.	1(a))	
and	measuring	the	resonance	spectrum	with	the	2	µm	intervals.	
The	results	of	measurements	are	presented	by	the	surface	plot	in	
Fig.	1(b),	which	determines	the	transmission	power	as	a	function	
of	axial	position	of	the	taper	and	wavelength.	In	this	plot,	the	ERV	
r 	(right	axis)	is	rescaled	from	the	wavelength	variation	  	(left	
axis)	using	relation	[12,	19]	
0
0
r r
   ,          (2) 
where	the	fiber	radius	 0 20r  nm	and	wavelength	 0 1550  nm.	
Fig.	2(a)	compares	the	 0p  	resonance	spectrum	near	left	bottle	
(points	1	and	2	in	Fig.	1(b))	and	right	bottle	(points	3	and	4	in	Fig.	
1(b))	 and	confirms	 that	 these	 resonances	 coincide	 to	within	 the	
resolution	of	measurements.	Fig.	2(b)	 compares	 the	split	 	 1p  	
resonance	along	the	length	of	the	double	bottle	structure	(points	5,	
6,	7,	8,	and	9	in	Fig.	1(b))	showing	remarkable	reproducibility	of	
the	resonance	positions	and	their	splitting		0.5	GHz.	To	the	best	of	
our	 knowledge,	 the	 latter	 value	 is	 the	 smallest	 permanently	
introduced	 splitting	 of	 resonances	 reported	 for	 coupled	
microresonators.		
To	double	check	the	achieved	fabrication	precision	we	verified	
the	 reproducibility	 of	 spectral	measurements	 and	 also	 excluded	
the	 effect	 of	 temperature	 variation.	 Fig.	 2(c)	 shows	 10	 periodic	
measurements	of	 the	 resonance	 at	point	2	 in	Fig.	 1(b)	 acquired	
during	5	minutes,	which	confirm	the	stability	of	measurements	to	
within	 the	 resolution	 of	 the	 OSA	 used.	 Fig.	 2(d)	 shows	 10	
measurements	of	resonances	(5	at	point	2	of	the	left	bottle	and	5	at	
point	3	of	the	right	bottle,	periodically	switched)	acquired	during	3	
minutes	indicating	that	the	position	of	these	resonances	coincide	
to	within	the	measurement	resolution.	Overall,	we	have	confirmed	
that	the	 0p  resonances	of	the	bottle	resonators	coincide	with	
the	precision	better	than	the	OSA	resolution	equal	to	0.16	GHz.		
Finally,	 the	 deviation	 in	 ERV	 of	 the	 bottle	 resonators	 r 	 is	
expressed	 through	 the	 deviation	 in	 the	 positions	 of	 their 0p 
resonances	 	by	Eq.	(2),	 0 0/r r    ,	[12,	19]	rescaling	left	
and	 right	 axes	 in	Fig.	1(b).	From	here,	 the	achieved	precision	of	
ERV	 is	 found	 as	 better	 than	 0.17	 angstrom.	 More	 accurate	
determination	 of	 the	 fabrication	 precision	 can	 be	 performed	 by	
solving	the	inverse	problem	for	the	Schrödinger	equation,	which	
determines	the	spectrum	of	a	bottle	resonator	with	a	given	ERV.	
Solution	of	this	problem	is	beyond	the	scope	of	this	Letter.	
In	summary,	we	have	demonstrated	the	fabrication	of	coupled	
bottle	 resonators	 with	 a	 better	 than	 0.16	 GHz	 precision	 in	
positioning	 of	 resonances	 of	 the	 bottle	 resonators	 which	
corresponds	 to	 a	 better	 than	 0.17	 angstrom	 precision	 in	 the	
effective	 radius	variation	of	 an	optical	 fiber.	This	 is	 a	 factor	of	4	
improvement	of	the	result	previously	achieved	in	SNAP	[20]	and	
an	order	of	magnitude	improvement	of	the	precision	achieved	in	
planar	photonics	 technologies	 [15‐18].	While	 this	demonstration	
was	 concerned	 with	 a	 simplest	 structure	 of	 two	 coupled	
resonators,	 the	nature	of	 the	 iterative	post‐processing	 technique	
used	 suggests	 that	 more	 complex	 photonics	 circuits	 can	 be	
fabricated	similarly.	Furthermore,	since	our	measurements	were	
limited	by	the	resolution	of	the	optical	spectrum	analyzer	used,	the	
demonstrated	 fabrication	 precision	 can	 be	 advanced	with	more	
precise	spectrum	measurements	and	 further	optimization	of	 the	
CO2	laser	beam	power	and	exposure	time.	It	is	anticipated	that	the	
future	 development	 of	 the	 SNAP	 technology	 based	 on	 this	
demonstration	 will	 pave	 the	 way	 to	 the	 creation	 of	 practical	
miniature	photonic	 circuits	 for	applications	 ranging	 from	optical	
communications	and	quantum	computing	to	ultraprecise	time	and	
frequency	measurement	technologies.		
Funding.  Royal Society (WM130110). Horizon 2020 
(H2020-EU.1.3.3, 691011); British Council Researcher 
Links Travel Grant (164861753).   
Acknowledgments. MS	 acknowledges	 the	 Royal	 Society	
Wolfson	Research	Merit	Award.		
 
References 
 
1. F. N. Xia, L. Sekaric, and Y. Vlasov, “Ultracompact optical buffers 
on a silicon chip,” Nat. Photon. 1, 65 (2007). 
2. W. Bogaerts, P. De Heyn, T. Van Vaerenbergh, K. DeVos, S. K. 
Selvaraja, T. Claes, P. Dumon, P. Bienstman, D. Van Thourhout, and 
R. Baets, “Silicon microring resonators,” Laser Photonics Rev. 6, 47 
(2012). 
3. F. Morichetti, C. Ferrari, A. Canciamilla, and A. Melloni, “The first 
decade of coupled resonator optical waveguides: bringing slow 
light to applications,” Laser & Photon. Rev. 6, 74 (2012).  
4. E. F. Burmeister, D. J. Blumenthal, and J. E. Bowers, “A comparison 
of optical buffering technologies,”  Opt. Switching and Netw. 5, 10 
(2008). 
5. W. Bogaerts, M. Fiers, and P. Dumon, “Design Challenges in Silicon 
Photonics,” IEEE J. Sel. Topics Quantum Electron. 20, 1 (2014). 
6. M. Sumetsky, “Microscopic optical buffering in a harmonic 
potential,” Scientific Reports 5, 18569 (2015). 
7. J. Capmany and D. Novak, “Microwave photonics combines two 
worlds,” Nat. Photon. 1, 319 (2007). 
8. A. Savchenkov, V. Ilchenko, E. Dale, D. Seidel, A. Matsko, and L. 
Maleki, “Agile high‐Q RF photonic zooming filter,” Phot. Technol. 
Lett. 28, 43 (2016). 
9. T. Herr, V. Brasch, J. D. Jost, C. Y. Wang, N. M. Kondratiev, M. L. 
Gorodetsky and T. J. Kippenberg, “Temporal solitons in optical 
microresonators,” Nat. Photon.  8, 145 (2014). 
10. K. J. Vahala, “Optical Microcavities,” Nature 424, 839 (2003). 
11. H. Lee, T. Chen, J. Li, K. Y. Yang, S. Jeon, O. Painter and K. J. Vahala, 
“Chemically etched ultrahigh‐Q wedge‐resonator on a silicon 
chip,” Nat. Photon. 6, 369 (2012). 
12. I. M. White, N. M. Hanumegowda, H. Oveys,  and X. Fan, “Tuning 
whispering gallery modes in optical microspheres with chemical 
etching,” Opt. Express 13, 10754 (2005). 
13. J. Yang, N. K. Fontaine, Z. Pan, A. O. Karalar, S. S. Djordjevic, C. 
Yang, W. Chen, S. Chu, B. E. Little, and S. J. B. Yoo “Continuously 
tunable, wavelength‐selective buffering in optical packet switching 
networks,” IEEE Photon. Technol. Lett. 20, 1030 (2008). 
14. B. Peng, S. K. Özdemir, S. Rotter, H. Yilmaz, M. Liertzer, F. Monifi, 
C. Bender, F. Nori, and L. Yang, “Loss‐induced suppression and 
revival of lasing,” Science 346, 328 (2014). 
15. T. Barwicz, M. A. Popovic, M. R. Watts, P. T. Rakich, E. P. Ippen, 
and H. I. Smith, “Fabrication of add‐drop filters based on 
frequency‐matched microring resonators,” J. Lightw. Technol. 24, 
2207 (2006). 
16. V. Krishnamoorthy,  X. Zheng, G. Li, J. Yao, T. Pinguet, A. Mekis, H. 
Thacker, I. Shubin, Y. Luo, K. Raj, and J. E. Cunningham, “Exploiting 
CMOS Manufacturing to Reduce Tuning Requirements for 
Resonant Optical Devices,” IEEE Photonics J. 3, 567 (2011). 
17. S. Prorok, A. Yu. Petrov, M. Eich, J. Luo, and A. K.‐Y. Jen, "Trimming 
of high‐Q‐factor silicon ring resonators by electron beam 
bleaching," Opt. Lett. 37, 3114 (2012). 
18. P. Alipour, A. H. Atabaki, M. Askari, A. Adibi, and A. A. Eftekhar, 
"Robust postfabrication trimming of ultracompact resonators on 
silicon on insulator with relaxed requirements on resolution and 
alignment," Opt. Lett. 40, 4476 (2015). 
19. M. Sumetsky, D. J. DiGiovanni, Y. Dulashko, J. M. Fini, X. Liu, E. M. 
Monberg, and T. F. Taunay, “Surface nanoscale axial photonics: 
robust fabrication of high‐quality‐factor microresonators,” Opt. 
Lett. 36, 4824 (2011). 
20. M. Sumetsky and Y. Dulashko, “SNAP: Fabrication of long coupled 
microresonator chains with sub‐angstrom precision,” Opt. Express 
20, 27896 (2012). 
21. M. Sumetsky, “Delay of Light in an Optical Bottle Resonator with 
Nanoscale Radius Variation: Dispersionless, Broadband, and Low 
Loss”, Phys. Rev. Lett. 111, 163901 (2013). 
22. A. Dmitriev, N. Toropov, and M. Sumetsky, “Transient 
reconfigurable subangstrom‐precise photonic circuits at the 
optical fiber surface,” Postdeadline paper, 28th IEEE Photonics 
Conference (Reston, 2015); doi: 10.1109/IPCon.2015.7323759. 
23. L. D. Landau and E. M. Lifshitz, Quantum Mechanics (Pergamon, 
New York, 1958) 
	
 
